Maternal infection during pregnancy increases the risk of schizophrenia and other brain disorders of neurodevelopmental origin in the offspring. A multitude of infectious agents seem to be involved in this association. Therefore, it has been proposed that factors common to the immune response to a wide variety of bacterial and viral pathogens may be the critical link between prenatal infection and postnatal brain and behavioral pathology. More specifically, it has been suggested that the maternal induction of proinflammatory cytokines may mediate the neurodevelopmental effects of maternal infections. Here, we review recent findings from in vitro and in vivo investigations supporting this hypothesis and further emphasize the influence of enhanced anti-inflammatory cytokine signaling on early brain development. Disruption of the fetal brain balance between pro-and anti-inflammatory cytokine signaling may thus represent a key mechanism involved in the precipitation of schizophrenia-related pathology following prenatal maternal infection and innate immune imbalances.
Introduction
Disturbances directed at the maternal host during pregnancy can lead to direct physiological changes in the fetal environment, thereby influencing the normal course of prenatal brain development. 1, 2 This may have long-lasting consequences for subsequent brain and behavioral development and lead to the emergence of structural and functional brain abnormalities in adult life. Interference with normal early brain development is also implicated in the etiopathology of severe neuropsychiatric disorders, including schizophrenia. 3, 4 This disabling brain disorder is marked by impaired thinking, emotions, and behavior and affects approximately 1% of the population worldwide. 5 Besides a strong genetic contribution, 6 various environmental factors appear to increase the risk for schizophrenia and related disorders. [7] [8] [9] Many of these factors operate at prenatal stages of life, ie, during the critical periods of central nervous system (CNS) development.
Epidemiological research over the last 2 decades has indicated that the risk for schizophrenia is enhanced in offspring exposed to viral or bacterial infections in utero (for recent reviews see Brown and Susser, 10 Brown, 11 Fatemi, 12 and Patterson 13 ). Following the initial report of increased incidence of schizophrenia after prenatal exposure to influenza virus during the second trimester of human pregnancy, 14 many subsequent epidemiological studies have confirmed that maternal influenza infection during pregnancy represents a significant risk factor of schizophrenia in the offspring. [15] [16] [17] However, because most of these epidemiological reports were based on retrospective research designs, several methodological limitations may have undermined the validity of the conclusions drawn from these reports. 10, 11 Such limitations may include imprecise measurements of the infectious exposure in the population studied, that is, exposure is defined on the basis of the dates of epidemics in the population or on the maternal recall of infection after pregnancy. This may be one of the reasons why several attempts have failed to find a significant association between maternal influenza infection during pregnancy and a higher incidence of schizophrenia and related disorders in the offspring. [18] [19] [20] [21] The establishment of prospective approaches has further advanced the research on prenatal environmental risk factors of neurodevelopmental disorders in general, and schizophrenia in particular. 22, 23 Most importantly, epidemiological studies using prospectively collected and quantifiable measurements have provided serologic evidence that maternal influenza infection during pregnancy increases the offspring's risk of schizophrenia 3-to 7-fold. 24 Similarly, epidemiological studies involving clinical examination and serological testing have also confirmed a higher risk of schizophrenia and other psychosis-related disorders following prenatal exposure to rubella 25 and toxoplasma gondii 26 ,27 1 To whom correspondence should be addressed; tel: þ41 44 655 7448, fax: 41 44 655 7203, e-mail: feldon@behav.biol.ethz.ch.
The Prenatal Cytokine Hypothesis of Schizophrenia
Notably, the association between prenatal infection and higher risk of schizophrenia in the offspring does not appear to be limited to a single infectious pathogen. Besides infection with influenza, [14] [15] [16] [17] 24 rubella, 25 and toxoplasma gondii, 26 ,27 a higher incidence of schizophrenia cases has also been reported after prenatal exposure to measles, 28 polio, 29 herpes simplex, 30 and genital and/or reproductive infections. 31 One implication is that factors common to the immune response to a multitude of infectious agents may be the critical mediators of the association between prenatal infection and risk of schizophrenia. This has led to the hypothesis that the induction of pro-inflammatory cytokines by the maternal immune system may play a key role in altering early brain development and increasing the risk of schizophrenia and related disorders in the resulting offspring, as first proposed by Gilmore and Jarskog. 32 Cytokines are critical mediators of the early defense against a variety of infectious agents. These molecules belong to a class of low-molecular weight proteins secreted by various immune cells and other cell types in response to a number of environmental stimuli. 33, 34 Cytokines have wide-ranging roles in the innate and adaptive immune systems, where they assist in regulating the recruitment and activation of lymphocytes as well as in controlling immune cell differentiation and homeostasis. In addition, some cytokines possess direct effector mechanisms, including induction of cell apoptosis and inhibition of protein synthesis. Cytokines bind to specific receptors on the membrane of target cells, triggering signal transduction pathways that ultimately alter gene expression in the target cells. These molecules exhibit the attributes of pleiotropy, redundancy, synergy, antagonism, and cascade induction, which permit them to regulate cellular activity in a highly interactive and complex manner.
Different members of the cytokine family can be grouped according to their main production sites and functions in the peripheral immune system. 33, 34 For example, interleukin (IL)-1b, IL-6, and tumor necrosis factor (TNF)-a are often classified as pro-inflammatory cytokines because of their critical roles in the early defense against infection and the initiation and/or progression of inflammation. On the other hand, IL-10 and transforming growth factor (TGF)-b are referred to as anti-inflammatory cytokines. They limit the production and biological activities of many pro-inflammatory molecules and are therefore fundamental to cytokine and immune cell homeostasis.
In the adult CNS, cytokines and their receptors are expressed by glial and neuronal cell types. 35, 36 In addition, many cytokines and cytokine receptors are constitutively expressed during fetal brain development both in rodents [37] [38] [39] [40] [41] and in humans, 42 suggesting essential roles for these molecules in the regulation and modulation of normal brain development. It is thus expected that abnormal levels of these molecules during critical periods of early brain development may adversely affect neurodevelopmental processes and contribute to a higher susceptibility for complex brain disorders of developmental origin such as schizophrenia.
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Sources of Fetal Cytokine Imbalances After Maternal Infection
There are several ways how maternal infection during pregnancy can lead to cytokine imbalances in the fetal environment. First, viral or bacterial pathogens invading the maternal host are recognized by peripheral immune cells via binding to various pattern-recognition receptors such as toll-like receptors (TLRs). Activation of TLR signaling leads to the rapid production and release of various cytokines and other mediators of inflammation in the peripheral maternal immune system. 45, 46 These maternally produced cytokines may then cross the placenta and enter the fetal circulation. However, it is still debatable whether the efficacy of cytokines for transplacental passage is limited to certain cytokine species, gestational stages, and physiological conditions. 47 For example, IL-6 crosses the rat placenta in early/middle (gestation day [GD] 11-13) but not in late (GD17-19) gestation. 48 Our own findings show that maternal viral-like immune activation in early/middle gestation in the mouse (GD9) elevates fetal brain IL-6 protein levels without concomitant increases in endogenous fetal IL-6 production. 41 This suggests that transplacental passage of maternal IL-6 to the fetal system in early/middle gestation may account for increased levels of fetal IL-6 protein. Furthermore, Zaretsky et al 49 found that IL-6 readily undergoes transplacental transfer in an ex vivo-isolated human placental perfusion model. Using the same model, IL-1b and TNF-a were shown to display only minimal transplacental transfer. 49 Together, this indicates that IL-6 can efficiently cross the placenta in both inflammatory and non inflammatory conditions. TGF-b1 and granulocyte colony-stimulating factor (G-CSF) are 2 other cytokines with known capacity to cross the placenta. [50] [51] [52] Whether other pro-and anti-inflammatory cytokines, chemokines, and interferons may efficiently cross the placenta is still a matter of debate. 49, [53] [54] [55] Production and secretion of cytokines by the placenta as such may constitute a second source for these molecules in the fetal system. Cytokines are normal regulatory components of the placenta and play an important role in maintaining the integrity of placental structures and functions. 47 Cells of the placental barrier, including trophoblasts, uterine epithelial cells, and chorionic villi, express a variety of pattern-recognition receptors such as TLRs. [56] [57] [58] [59] [60] These cells may thus mount additional cytokine responses upon maternal infection, which in turn may lead to altered cytokine levels in the fetal environment. It is important to notice, however, that there are several relevant distinctions between the rodent and primate placenta, in terms of both structure and function. The latter includes differences in placental endocrine and immunological functions, as well as differences in transplacental transfer of molecules (for a detailed review see Malassiné et al, 61 Père, 62 Moffett and Loke, 63 and Battaglia 64 ). This distinction has to be taken into account when translating experimental findings derived from rodents to the human condition.
Finally, the fetal system itself may be a source of cytokine production and secretion after maternal infection during pregnancy. However, this effect is critically influenced by the precise developmental stage of the fetus. The establishment of a functional immune system requires a sequential series of well-coordinated developmental events that begin early in fetal life. 65 In most mammals, the fetal immune system is relatively poorly developed in early/middle pregnancy, and functional maturation is achieved only at late gestational and postnatal stages of development. 66 As a consequence, the fetal cytokine reaction to maternal infection is also dependent on the precise gestation stage. 41 
Effects of Maternal/Fetal Cytokine Imbalances on Brain and Behavioral Development in Experimental Models
A number of animal models have been established in order to test the hypothesis of causality in the epidemiological link between maternal infection during pregnancy and higher risk of schizophrenia in the offspring. Based on the reported association between prenatal influenza infection and adult schizophrenia, Fatemi and colleagues have pioneered an animal model of prenatal exposure to human influenza virus in mice. In a series of experiments, these authors have demonstrated that maternal influenza infection in early/middle pregnancy (GD9 in the mouse species) leads to a variety of neuropathological signs in the offspring's brains postnatally, some of which are implicated in the neuropathology of schizophrenia and autism. [67] [68] [69] [70] Subsequently, the prenatal influenza model was applied to explore the long-term functional consequences on brain and behavior. These investigations revealed a number of behavioral and pharmacological abnormalities in adult mice born to influenza-infected mothers, 71 many of which capture some critical behavioral and pharmacological dysfunctions associated especially with schizophrenia (reviewed in Meyer et al 72, 73 and Nawa and Takei 74 ). At least some of the behavioral changes induced by prenatal exposure to influenza virus in mice were likely attributable to the maternal immune response rather than direct viral effects on the developing fetus. 71 This is because the virus was not detected in the fetal compartments after maternal infection. 75 To test more specifically whether imbalances in maternal and/or fetal cytokines may be the critical mediators in the link between maternal infection and emergence of brain and behavioral pathology, several animal models have since been developed that are based on maternal exposure to cytokine-releasing agents. This includes maternal exposure to the bacterial endotoxin, lipopolysaccharide (LPS), and the synthetic analogue of double-stranded RNA, polyriboinosinicpolyribocytidilic acid (PolyI:C). LPS is recognized by the pattern-recognition receptors TLR2 and TLR4, whereas PolyI:C is recognized primarily by TLR3. [76] [77] [78] Both immunogens are known to trigger the production and release of many pro-inflammatory cytokines, including IL-1b, IL-6, and TNF-a, when administered to mammalian organisms. [79] [80] [81] In addition, PolyI:C is a potent inducer of the type I interferons IFN-a and IFN-b. 76, 78 Therefore, while LPS exposure leads to a cytokineassociated innate immune response that is typically seen after infection with gram-negative bacteria, 77 administration of PolyI:C mimics the acute phase response to viral infection. 82 Maternal exposure to LPS and PolyI:C during pregnancy alters pro-and anti-inflammatory cytokine levels in the 3 relevant compartments of the maternal-fetal interface of rodents, namely the placenta, the amniotic fluid, and the fetus, including the fetal brain. 41, 44, [83] [84] [85] [86] [87] Prenatal immune activation by LPS or PolyI:C exposure in rodents thus offers a valuable experimental tool to study the long-term consequences of fetal brain inflammation on subsequent brain and behavioral development.
As extensively reviewed elsewhere, 72-74 a multitude of behavioral, cognitive, and psychopharmacological abnormalities has been detected in adult mice and rats following the prenatal exposure to LPS [88] [89] [90] [91] or PolyI:C. 41, 71, 72, 87, [92] [93] [94] [95] [96] [97] [98] [99] Many of the functional deficits are directly linked to some of the most critical endophenotypes of schizophrenia and other psychosis-related disorders. 72, 73, 100, 101 This includes impairments in prepulse inhibition 102 and latent inhibition, 103,104 enhanced sensitivity to dopamine-stimulating treatment with amphetamine 105, 106 or to NMDA-receptor blockade by dizocilpine, 107 and working memory deficiency. 108 Furthermore, the neuropathological effects of prenatal PolyI:C exposure in mice identified so far 41, 97, 98, 109 indicate that this model can also mimic some of the neuroanatomical and/or neurochemical abnormalities associated with schizophrenia, including disruption of hippocampal and prefrontal cortical GABAergic markers, [110] [111] [112] [113] [114] reduced expression of the NMDA-receptor subunit NR1, 115 and dopamine D1 receptors 116 in the hippocampus and prefrontal cortex, respectively, as well as impaired postnatal neurogenesis. 117 As outlined before, these effects emerge without concomitant signs of gross brain morphological changes, cell necrosis, or reactive gliosis in the preadolescent 41 and adult brain. 109 This is in agreement with the hypothesis that neurodevelopmental rather than neurodegenerative disturbances are central to the etiopathogenesis and disease process of schizophrenia.
3,4
The long-term effects of prenatal PolyI:C exposure in rodents also mimic the characteristic maturational delay in disease onset of schizophrenia 3, 4 because the full spectrum of prenatal PolyI:C-induced behavioral, cognitive, and pharmacological abnormalities emerges only after the postpubertal stage of development. 93, 96, 97, 99 Notably, this dependency on postpubertal maturational processes is distinct from other prenatally acquired brain diseases with prenatal infectious etiologies, including autism spectrum disorders 118 and mental retardation. 119 Therefore, prenatal immune activation in rodents may be particularly suitable for the study of etiopathological and pathophysiological processes implicated in schizophrenia.
Importantly, our recent cross-fostering studies have provided evidence that at least some of the functional and structural brain abnormalities emerging after prenatal PolyI:C-induced immune challenge are likely to be attributable to prenatal but not postnatal maternal effects on the offspring. 96, 97 This is because multiple brain and behavioral abnormalities can emerge after prenatal PolyI:C exposure regardless of whether neonates are cross-fostered to immune-challenged or to control surrogate mothers. 96, 97 Putative changes in maternal behavior resulting from immunological stress during pregnancy are thus unlikely to mediate the major long-term behavioral effects of prenatal immune activation. Hence, inflammation-induced disruption of fetal brain development can predispose the offspring to the emergence of psychopathology in later life.
Relevance of Cytokine Specificity
Similar to their immunological roles in the peripheral immune system, 33, 34 distinct classes of cytokines may exert differing neurodevelopmental effects in the CNS. Support for this possibility is provided by numerous findings from in vitro culture systems. For example, among the variety of pro-and anti-inflammatory cytokines, IL-1b is the most capable in inducing the conversion of rat mesencephalic progenitor cells into a dopaminergic phenotype 120, 121 and IL-6 is highly efficacious in decreasing the survival of fetal brain serotonin neurons. 122 In contrast, IL-1b and IL-6 (and to a lesser extent TNF-a) appear to have an equivalent capacity to negatively regulate the survival of fetal midbrain dopaminergic neurons at low to medium concentrations, 122 whereas the same cytokines can promote survival of these cells at higher concentrations. 123, 124 A similar dependency on cytokine specificity and/or concentration has also been found in a recent in vitro study by Gilmore et al, 40 who have demonstrated that TNF-a can disrupt cortical neuron's dendrite development at low concentration, while the same effects can be achieved by exposure of fetal cortical neurons to higher concentrations of IL1b, IL-6, or TNF-a.
Recent findings from in vivo animal experimentation further support the hypothesis that cytokine specificity may play a critical role in the relationship between prenatal immune challenge and emergence of psychopathology and neuropathology in later life. We have recently compared the neuropathological consequences of prenatal immune activation by the viral mimic PolyI:C in wild-type mice and transgenic mice constitutively overexpressing IL-10 in macrophages. 87 As already mentioned before, IL-10 is a cytokine with strong anti-inflammatory and immunosuppressive functions. It limits production and/or secretion and biological activities of many inflammatory molecules in both acute and chronic conditions. 125, 126 If the emergence of postnatal brain abnormalities after prenatal infection and/or inflammation were indeed accounted for by enhanced levels of pro-inflammatory cytokines in the fetal brain, 32 then one would expect that enhanced expression of IL-10 at the maternal-fetal interface may attenuate the long-term consequences of prenatal exposure to proinflammatory cytokines.
Our results confirmed this prediction by showing that enhanced levels of the anti-inflammatory cytokine IL-10 during prenatal development is sufficient to prevent the emergence of multiple behavioral and pharmacological abnormalities in the adult offspring after prenatal immune challenge by PolyI:C. 87 However, in the absence of a discrete prenatal inflammatory stimulus, enhanced levels of IL-10 during prenatal development was also associated with specific behavioral abnormalities in the adult offspring. 87 One important implication is that the development of normal adult brain functions may be critically influenced by the precise balance between pro-and anti-inflammatory cytokines in prenatal life (figure 1). According to this scheme, shifts of the balance toward either increased pro-inflammatory or anti-inflammatory cytokine species would precipitate adult behavioral pathology, whereas the concomitant induction of both cytokine classes in the fetal brain may nullify each other's long-term negative influences on brain and behavioral development (figure 1). This explanation is consistent with the antagonistic properties of distinct cytokine classes in the peripheral immune system 33, 126 and suggests that the effects of cytokines on early neurodevelopmental processes crucially depend on their specificity.
To date, there is no direct evidence that other antiinflammatory cytokines such as TGF-b may have similar protective effects against prenatal infection-induced brain and behavioral dysfunctions. However, because many anti-inflammatory and immunosuppressive molecules share similar signal transduction pathways, 126, 127 it may be expected that in addition to IL-10, enhanced expression of other anti-inflammatory cytokines may also be effective in attenuating or blocking the negative influences of prenatal immune challenge on normal brain and behavioral development.
Further evidence that the fetal system is highly sensitive to specific species of cytokines comes from a recent study by Smith et al, 128 who examined several proinflammatory cytokines including IL-b, IL-6, IFN-c, and TNF-a as potential mediators of the effects of maternal immune challenge on brain and behavioral development in the murine species. These authors demonstrated for the first time that prenatal administration with exogenous IL-6 can mimic the long-term consequences of prenatal PolyI:C exposure. 128 Thus, adult mice born to mothers having been treated with IL-6 during mid-pregnancy displayed several behavioral abnormalities similar to offspring born to PolyI:C-treated mothers. Moreover, when IL-6 was eliminated from the maternal immune response by genetic interventions or with IL-6 blocking antibodies, maternal PolyI:C treatment during pregnancy was no longer efficient in inducing behavioral maldevelopment in the resulting offspring. 128 Interestingly, prenatal exposure to IL-1b, IFN-c, or TNF-a alone was insufficient to precipitate similar behavioral deficits in the adult animals, and co-administration of soluble IL1b or IFN-c receptor antagonist to pregnant dams did not prevent the behavioral deficits caused by prenatal PolyI:C exposure. This further supports the hypothesis that the relationship between prenatal immune activation and postnatal brain dysfunctions is critically dependent on the specificity of cytokine-associated immunological reactions. Specifically, it appears that the pro-inflammatory cytokine IL-6 assumes a key role in mediating the effects of maternal immune activation on fetal brain development. 128 
Interaction Between Cytokine Specificity and Fetal Developmental Windows
It is well known that the responsiveness and/or sensitivity of developing cells to many signaling cues, including cytokines, can vary considerably as neurodevelopment progresses. For example, while TNF-a is neurotrophic to dopaminergic ventral mesencephalic neurons during early fetal development, the same molecule can exert neurotoxic effects on these cells at later stages of fetal brain development. 129 Similarly, embryonic cells cultured as progenitor neurospheres proliferate more robustly in response to basic fibroblast growth factor (bFGF) than to epidermal growth factor (EGF), whereas proliferation of postnatal and adult progenitor cells is enhanced more effectively by EGF than bFGF. 130 In the context of maternal infection during pregnancy, this highlights that the eventual neurodevelopmental impact of abnormal maternal/fetal cytokine expression is likely to be determined also by the precise stage of brain development.
We have recently conducted a series of experiments designed to evaluate the influence of the timing of maternal immune challenge on the emergence of brain and behavioral dysfunctions in the resulting offspring. 41, 95, 98 These experiments demonstrated that the precise times of prenatal immune activation is a critical determinant of the specificity of both the structural and the functional brain abnormalities in later life (for a recent review see Meyer et al 73 ). We found that maternal immunological stimulation at different gestational times precipitates distinct psychopathological and neuropathological symptom clusters in the offspring (figure 2). Prenatal PolyI:C-induced immune challenge in early/middle gestation (GD9 in the mouse) leads to a pathological profile characterized by suppression in exploratory behavior, 41, 72 abnormalities in selective associative learning in the form of latent inhibition disruption, and abolition of the unconditioned stimulus (US) pre-exposure effect, 72, 95 impairments in sensorimotor gating in the form of reduced prepulse inhibition 72, 98 (see also Shi et al 71 and Romero et al 90 ) , enhanced sensitivity to the indirect dopamine receptor agonist amphetamine and (to a lesser extent) the noncompetitive NMDA-receptor antagonist dizocilpine, 97, 98 as well as deficiency in spatial working memory when the demand on temporal retention is high. 72 On the other hand, prenatal immune challenge in late gestation (GD17 in the mouse species) leads to a partially overlapping symptom profile involving the emergence of perseverative behavior in the form of retarded reversal learning, 41 spatial working memory impairments even when the demand on temporal retention is low, 98 potentiated response to amphetamine and dizocilpine, 98 and abolition of the US pre-exposure effect 95 ( figure 2) . Hence, some of the identified pathological traits are clearly restricted to the symptom cluster associated with prenatal immune activation in early/middle or late gestation (eg, latent inhibition deficiency and retardation in reversal learning), whereas others are common to both symptom clusters (eg, potentiation of amphetamine The diagram illustrates the identified structural and functional brain abnormalities that are characteristic of the symptom profiles associated with prenatal PolyI:C exposure in early/middle and late gestation. Some of the psychopathological and neuropathological traits are clearly restricted to the symptom cluster associated with prenatal immune activation in early/middle or late gestation, whereas others are common to both symptom clusters. The exact correspondence between the distinct neuropathological and psychopathological symptom clusters remains to be determined. The neuropathological effects presented in brackets denote that they were studied only after prenatal PolyI:Cinduced immune activation in early/middle gestation so far. AMG, amygdala; AMPH, amphetamine; D1R/D2R, dopamine D1/D2 receptor; dHPC, dorsal hippocampus; GABA A -R, gamma-amino-butyric acid (A) receptor; mPFC, medial prefrontal cortex; MK-801, dizocilpine; NAc, nucleus accumbens; PV, Parvalbumin; TH, tyrosine hydroxylase; US, unconditioned stimulus; vHPC, ventral hippocampus. sensitivity; see figure 2 ). This suggests that the developmental vulnerability of specific forms of postnatal brain dysfunction to prenatal exposure to cytokine-releasing agents varies across different gestational stages. 73 According to one hypothesis, the temporal dependency of the link between prenatal immune challenge and postnatal brain pathology may be explained by infectionmediated interference with specific spatiotemporal events in the course of fetal brain development. 73 Prenatal immune activation at distinct times of gestation may thus lead to dissociable long-term psychopathology and neuropathology because it affects distinct neurodevelopmental programs in fetal life. 73 However, the precise cytokine-associated inflammatory response to infection in both the maternal and the fetal compartments is influenced by the precise stage of gestation. 131, 132 For example, pregnant rats in late gestation display a diminished pro-inflammatory cytokine response to infection with the bacterial endotoxin LPS compared with pregnant rats in middle gestation. 133 Rats near the term of pregnancy also display an attenuated febrile response to exogenous pyrogen, which may result from an increased production of antipyretic/cryogenic cytokines such as the soluble IL-1 receptor antagonist (sIL-1ra). 134, 135 This raises the possibility that the dissociable long-term brain and behavioral effects of prenatal immune challenge at distinct gestational times 73 may be accounted for by differences in cytokine specificity in the fetal brain. This idea is also in keeping with the hypothesis that the association between prenatal immune challenge (in early/middle gestation) and the emergence of behavioral dysfunctions in adulthood is critically dependent on the precise pro-inflammatory vs antiinflammatory cytokine reactions taking place at the maternal-fetal interface 87, 128 (see also figure 1 ). For example, the basal fetal brain levels of the anti-inflammatory cytokine IL-10 increase as prenatal development progresses ( figure 3A) . Maternal exposure to acute immunological stimulation is thus less efficient in shifting the fetal brain balance toward increased pro-inflammatory cytokines in late gestation compared with early/middle gestation (figure 3B) . As a consequence, the fetal brain in late gestation may be less susceptible to the disrupting effects of high levels of pro-inflammatory cytokines after maternal infection because of enhanced anti-inflammatory signaling by IL-10. Further investigations are therefore clearly warranted in order to evaluate whether the identified differences between the long-term brain and behavioral effects of prenatal immune activation at distinct gestational times (figure 2) may be attributable to variations in the specificity/intensity of the cytokine-associated immunological reactions, the neurodevelopmental stage of the fetus, or a combination of both.
The issue as to whether there may be a time window with maximal vulnerability for prenatal infectioninduced abnormalities in brain and behavioral development in humans remains a matter of debate. Many of the initial retrospective epidemiological studies found a significant association between maternal viral infection during pregnancy and a higher incidence of schizophrenia in the progeny only when the maternal host was infected in the second trimester of human pregnancy. [14] [15] [16] [17] However, several findings from epidemiological studies using prospectively collected and quantifiable serologic samples indicate that there has been a somewhat excessive emphasis on second trimester infections. For example, there is serologic evidence that influenza infection in early gestation (ie, in the first trimester of human pregnancy) is associated with the highest risk for schizophrenia in the offspring. 24 This thus challenges the prevailing view that influenza infection during the second trimester of pregnancy may confer the maximal risk for the offspring to . Pregnant mice were killed by decapitation, and the fetal brains were dissected as described in Meyer et al. 41, 72 Levels of IL-10 were measured using a multiplexed particle-based flow cytometric cytokine as described previously.
41,72 **P < .01, based on one-way analysis of variance (ANOVA) [F(1,21) 5 13.8]; N(GD9 fetuses) 5 10, N(GD17 fetuses) 5 13. Fetuses derived from 4 mothers in each gestation period. (B) Acute maternal immunological stimulation by the viral mimic polyriboinosinicpolyribocytidilic acid (PolyI:C) (2 mg/kg, intravenously) increases the fetal brain ratio of IL-6/IL-10 in fetuses derived from mothers in early/middle gestation (GD9), but not in fetuses of mothers in late gestation (GD17). The former effect indicates a shift in the fetal brain balance toward increased pro-inflammatory cytokines in early/middle gestation. Pregnant mice were killed by decapitation 2 h after maternal vehicle (saline) or PolyI:C treatment, and the fetal brains were dissected as described previously. 41, 72 Levels of IL-6 and IL-10 were measured using a multiplexed particle-based flow cytometric cytokine assay as described in Meyer et al. 41 ,72 ***P < .01, based on Fisher's post hoc comparisons following a significant gestation day 3 maternal treatment interaction in the 2 3 2 ANOVA [F(1,36) 5 17.1, P < .001]; N(GD9-saline fetuses) 5 8, N(GD9-PolyI:C fetuses) 5 7, N(GD17-saline fetuses) 5 13, N(GD17-PolyI:C fetuses) 5 12. Fetuses derived from 3 mothers in each gestation period/treatment condition.
develop schizophrenia and related disorders in adulthood. [14] [15] [16] [17] In addition, there is evidence that periconceptional infections can also increase the risk of schizophrenia in the offspring, 31 pointing to effects on early fetal brain development similar to what has been implicated in the association between prenatal exposure to rubella and increased risk for schizophrenia. 25 As highlighted above, the findings from our recent experimental examinations of the critical time window hypothesis in a mouse model of prenatal immune activation by the viral mimic PolyI:C suggest that prenatal infection in both early/middle and late pregnancy is efficacious in causing subsequent brain abnormalities. 41, 73, 95, 98 Importantly, this animal model indicates that prenatal immune challenge in early/middle gestation (GD9) may have a more extensive impact on brain and behavioral symptom profiles relevant to schizophrenia in comparison with infection occurring in late gestation (GD17). 73 Early/ middle pregnancy (GD9) and late pregnancy (GD17) in the mouse roughly correspond to the middle/end of the first trimester and to the middle of the second trimester of human pregnancy, respectively, with respect to developmental biology and percentage of gestation from mice to human. 136, 137 Hence, the experimental data obtained in mouse models of prenatal immune challenge added further weight to the hypothesis that the first rather than the second trimester of human pregnancy may be a time window with maximal vulnerability for prenatal infection-induced interference with normal brain development and subsequent risk for schizophrenia in later life.
Alternative Mechanisms to Fetal Brain Cytokine Imbalances
Numerous experimental findings underline the importance of abnormal fetal expression of cytokines in the precipitation of neurodevelopmental defects relevant to the emergence of schizophrenia-like brain and behavioral pathology. However, there are several alternative (but not mutually exclusive) mechanisms whereby prenatal exposure to infection can bring about changes in brain and behavioral development.
First, exposure to infection and the subsequent cytokine-associated inflammatory reactions leads to the activation of the hypothalamic-pituitary-adrenal (HPA) axis by stimulating the release of corticotropin-releasing factor from the hypothalamus and of adrenocorticotropic hormone from the pituitary gland; this results eventually in an increase of glucocorticoid levels in the peripheral bloodstream. 138 The cytokine-mediated effects on glucocorticoid secretion may be of special interest because it has been suggested that prenatal physiological stress triggered by high glucocorticoid levels can interfere with fetal neurodevelopment as well as the subsequent functioning of the HPA axis in adults. 139, 140 Second, it is well established that peripheral cytokine elevation in response to infection induces a set of behavioral and physiological changes collectively referred to as sickness behavior. 141 In rodents, sickness behavior typically includes fever, malaise, and reduced exploratory and social investigation, as well as decreased food and water intake, accompanied usually by weight loss. The effects of immune challenge on weight loss may be particularly relevant because prenatal malnutrition has also been implicated as a risk factor in schizophrenia, 142, 143 and recent animal models have highlighted the effects of prenatal protein deprivation upon adult brain functions. 144 Third, even though there is considerable evidence that many of the reported brain and behavioral dysfunctions emerging after prenatal exposure to infection are likely attributable to indirect effects via changes in maternal/fetal immunological parameters such as cytokines, certain infectious pathogens may exert their detrimental effects on fetal brain development directly by gaining access to the fetal brain. For example, it has been well documented that rubella virus can cross the placenta and enter the fetal brain. 12, 145 Besides induction of inflammatory responses, rubella viruses may induce a variety of other effects that are detrimental to normal fetal brain development, including inhibition of mitosis and myelination. 146, 147 In addition to rubella virus, specific influenza virus strains may undergo transplacental transfer. For example, infection of pregnant mice with the influenza A/WSN/33 strain results in the invasion and persistence of the virus in the offspring's brain both at prenatal and at postnatal stages of life. 148 Offspring born to influenza A/WSN/33-infected mothers have been shown to display abnormal gene expression patterns in the CNS, 149 indicating that direct viral effects of the offspring may contribute to the emergence of adult neuropathology following prenatal viral infection. In contrast, influenza virus of the A/NWS/33 strain does not cross the placenta and enter the fetal circulation following maternal infection. 75 Despite the lack of transplacental transfer, the offspring born to A/NWS/33-infected mothers show schizophrenia-like behavioral and pharmacological abnormalities when they reach adulthood. 71 This clearly illustrates that the strain and/or type of the infectious pathogen is also a critical factor in the association between prenatal exposure to infection and emergence of schizophrenia-related brain and behavioral abnormalities in the offspring.
Gene-Environment Interactions and Epigenetic Factors
It is now widely accepted that schizophrenia results from aberrations in neurodevelopmental processes caused by an interaction between environmental and genetic factors preceding the onset of clinical symptoms. 4 A variety of susceptibility genes for schizophrenia have already been identified. 6 However, it remains largely unknown to date how genetic and environmental factors may interact with each other to modulate the vulnerability for this disorder. 150 Notably, most offspring having been exposed to prenatal infection do not develop schizophrenia in humans. This suggests that if in utero exposure to infection plays a role in the etiology of this disorder, then it probably does so by interacting with other factors, including genetically determined factors. Therefore, elucidating the contribution of the genetic background would be highly relevant in the study of the prenatal infectious etiologies of schizophrenia and related disorders.
The combination of prenatal immune activation models with genetic animal models of schizophrenia 151, 152 may represent a fruitful approach to identify critical interactions between genetic-and infection-associated environmental factors, and to evaluate their modulatory influence on the vulnerability for schizophrenia-like brain disorders. As outlined in detail before, most of the current animal models of prenatal immune activation have been designed to mimic, in an accentuated fashion, the specific immunological events associated with an infection, leading to robust alterations in brain and behavior relevant to schizophrenia. However, these models can be modified in such a way that the maternal infectious manipulation is less severe and thus only leads to a restricted pathological phenotype in the offspring. 72 This modification would allow studying how genetic and prenatal infectious factors may interact to increase or reduce the vulnerability for schizophrenia-like brain abnormalities. One clear possibility to study such gene-environment interactions in experimental models of prenatal immune activation would be to explore and compare the effects of prenatal infection in wild-type animals and genetically modified animals.
One may first consider examinating the impact of genes that are directly involved in innate and acquired immunity. Some of the identified genetic risk factors of schizophrenia include promoter polymorphisms of proinflammatory 153, 154 and anti-inflammatory cytokines, 155 as well as human leukocyte antigens and alleles. 156 The precise immune-related genetic background of the maternal host may influence the liability to certain infections, or result in an excessive or inappropriate inflammatory response in the maternal periphery and thereafter in the fetal system. This may in turn determine the impact of prenatal infection on early neurodevelopmental processes and subsequent brain and behavioral development. Recent investigations in mice designed to examine immunological gene-environment interactions have already provided evidence that the association between prenatal immune challenge and emergence of schizophrenialike behavioral and pharmacological dysfunctions is critically influenced by the anti-inflammatory 87 and pro-inflammatory 128 genetic background of the infected host.
Another model worth considering is the examination of genes that have been identified as major genetic susceptibility factors of schizophrenia, including neuregulin-1 (NRG1), catechol-O-methyltransferase (COMT), and disrupted in schizophrenia-1 (DISC1) 6 . It is likely that many of these genes as such play only minor roles in infectious or inflammatory processes. Nevertheless, disruption of neurodevelopmental mechanisms by abnormal expression of these genes may act synergistically with prenatal infection/inflammation to increase the risk for schizophrenia.
In addition to gene-environment interactions, there is a growing interest in the role of epigenetic mechanisms in the pathophysiology of schizophrenia and related disorders. [157] [158] [159] Epigenetic regulation of gene expression refers to mechanisms that modulate gene activity without altering the DNA code, and this includes DNA methylation, histone modifications, and other chromatinremodeling events. Such epigenetic mechanisms are now recognized to be crucially involved in many neurodevelopmental processes and adult brain functions. 160 Recent evidence suggests that cytokines can also exert multiple influences on epigenetic mechanisms involved in the development of the CNS, including regulation of the epigenetic control of neural stem cell differentiation and fetal astrocyte development. 161, 162 This highlights the possibility that abnormal maternal/fetal cytokine expression may also affect critical epigenetic mechanism involved in normal early brain development, thereby contributing to neurodevelopmental disturbances following prenatal exposure to infection. However, this hypothesis has not yet been substantiated by direct experimental evidence and thus needs to be subjected to further examination.
Conclusions and Outlook
There is considerable evidence derived from in vitro and in vivo experimentation supporting the hypothesis that cytokine imbalances at the maternal-fetal interface may be critically involved in mediating the effects of prenatal infection on brain and behavioral development, thereby increasing the risk of brain disorders of neurodevelopmental origin such as schizophrenia. Specifically, the disruption of the cytokine balance in the fetal brain toward excess pro-inflammatory cytokines leads to multiple behavioral abnormalities in later life, whereas blocking specific pro-inflammatory cytokines or enhancing anti-inflammatory cytokine signaling during acute maternal immune challenge attenuates the effects of prenatal infection and/or inflammation on fetal brain development. In addition, abnormal brain and behavioral development can also occur following a shift toward excess anti-inflammatory cytokines as such in the fetal brain. This suggests that relative shifts between distinct cytokine classes may determine the ultimate neurodevelopmental impact of these molecules in prenatal infectious conditions and innate immune imbalances. Furthermore, intricate interactions between specific cytokine abnormalities and fetal developmental windows need to be taken into consideration in order to identify the various neurodevelopmental effects attributed to pro-and antiinflammatory cytokine species.
Undoubtedly, disruption of the fetal brain cytokine balance may not readily account for all cases of schizophrenia. However, this mechanism may be particularly relevant for individuals developing the disorder following in utero exposure to infection and in individuals with innate immune imbalances. Within this context, disruption of the fetal brain cytokine balance may represent an integrative mechanism of how maternal infection during pregnancy can negatively influence normal fetal neurodevelopment and predispose the organism to long-lasting changes in subsequent brain maturation and behavioral development.
Several important issues still remain to be addressed in future experimental analyses of the association between maternal infection during pregnancy and higher risk of schizophrenia in the offspring. Specifically, it will be highly relevant to (1) explore the effects of maternal infection during pregnancy on mal-development of the CNS in the offspring at both prenatal and postnatal stages of life; (2) investigate the nature and extent of potential gene-environment interactions in the link between prenatal immune challenge and emergence of postnatal brain dysfunction; (3) evaluate whether imbalances in maternal/fetal cytokine expression may precipitate abnormal epigenetic regulation of genes critically involved in early brain development; (4) investigate the efficacy of preconceptional maternal vaccination to reduce the susceptibility to prenatal infection-induced abnormalities in brain and behavioral development in the offspring; and (5) to establish and evaluate early preventive strategies in order to reduce the risk of brain disorders following in utero exposure to infection, including acute anti-inflammatory interventions in pregnant mothers exposed to infection and therapeutic interventions in postnatal life in order to halt or limit the disease process in the offspring. For technical and ethical reasons, experimental investigation of these issues in humans is essentially impossible. Therefore, animal models of prenatal immune activation will be indispensable for experimental analyses of neuroimmunological and pathophysiological mechanisms underlying the link between prenatal infection and postnatal brain dysfunctions, as well as for the exploration of preventive interventions designed to reduce the incidence of severe brain disorders following prenatal exposure to infection.
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